To investigate the chemical toxicity of indocyanine green (ICG). METHODS. Surface active and precipitating effects of ICG were quantitatively analyzed by determining bovine serum albumin dissolved or precipitated in the presence or absence of salt solutions. The effects of precipitation on serum and cytotoxicity were evaluated by measuring the viability of retinal pigment epithelium (RPE) in vitro. RESULTS. ICG functioned as a surfactant without salts, but with nearly physiological concentrations of balanced salts, it functioned as a unique precipitating factor. This rendered the soluble molecules in serum that are indispensable in the culture of RPE cells insoluble during a 12-hour exposure, resulting in poor cell survival in vitro. Cytotoxicity in serum-free medium was also shown during brief exposures. CONCLUSIONS. Commonly used dosages of ICG directly applied into the vitreous cavity, which not only contact the retina but also invade the space between the retina and RPE through a macular hole, may be sufficient to induce retinal disorders after the damaging chemical property of ICG has disturbed the microenvironment. (Invest Ophthalmol Vis Sci. 2005;46: 2531-2539) DOI:10.1167/iovs.04-1521 B efore 1990, there was no treatment available for macular holes. Kelly and Wendel 1 first reported that vitreous surgery improved visual acuity in some eyes with macular holes, and since then an effective internal limiting membrane (ILM) peeling technique has been used to improve outcomes.
B efore 1990, there was no treatment available for macular holes. Kelly and Wendel 1 first reported that vitreous surgery improved visual acuity in some eyes with macular holes, and since then an effective internal limiting membrane (ILM) peeling technique has been used to improve outcomes. 2 However, it is generally very difficult to perform efficient and complete removal of the ILM, because the ILM is thin and transparent. After indocyanine green (ICG) was introduced for selective staining of the ILM, 3 ICG-facilitated ILM peeling appeared to be beneficial, because it facilitated functional and anatomic success. 4 -10 Although some reports have shown no negative effects and/or excellent anatomic results and visual retinal function after ICG-assisted ILM peeling for macular hole surgery, 9, [11] [12] [13] [14] [15] [16] recent clinical outcomes have clearly shown adverse effects of ICG on retinal function despite improved anatomic macular hole closure. Inadvertent removal of some small amounts of retinal elements peeled away with the ILM have suggested actual physical retinal damage. [17] [18] [19] Patients who had undergone ICG-assisted vitrectomy for an idiopathic macular hole were analyzed and compared with patients operated on without the use of ICG. 20 It was shown that functional outcomes in patients with ICG-assisted vitrectomy were significantly lower, and that the incidence of visual field defects was 50%. No statistically significant improvement of postoperative visual acuity, but rather unexpected visual field defects, were revealed after ICG-assisted ILM peeling. 18, 21 Unusual atrophic changes in the retinal pigment epithelium (RPE) at the site of the macular hole and undesirable postoperative visual acuity were reported, despite successful anatomic closure of the macular hole. 22 After macular hole surgery with ICG-guided ILM peeling, hypertrophic and atrophic RPE changes were apparent. 23, 24 Laboratory data also show that ICG has some undesirable effects. Brief exposure of cultured RPE cells to ICG resulted in decreased mitochondrial enzyme activity. 25 Morphologic and functional damage of the retina was evaluated after intravitreous ICG injection, and functional damage evaluated by electroretinography was shown, even at low dosages of ICG (0.025 mg/mL) without any apparent morphologic damage. 26 ICG injected into the vitreous cavity showed b-and a-wave amplitude, and latency abnormalities, suggesting impairment of retinal function. 27 ICG caused cytotoxicity in cultured RPE cells in a dose-and time-dependent manner, and necrotic cell death occurred. 28 The incubation of RPE cells with ICG increased the number of apoptotic RPE cells. 29 ICG injected into the subretinal space caused destructive degeneration of photoreceptors and RPE, 30 and apoptosis was confirmed in photoreceptor layers. 31 Subretinal ICG injection resulted in damage to the outer nuclear layer, photoreceptor inner and outer segments, and RPE. 32 Although all these data obviously indicate toxic effects of ICG on retinal function, we hardly consider these results to be caused by ICG alone. ICG-induced cytotoxicity in cultured RPE was reduced with the removal of sodium from the solvent. 33 Toxic effects of ICG on cultured RPE cells have been related to osmolarity of the solvent. 34 Factors such as sodium or osmolarity modulate the degree of toxicity, implying that some chemical mechanisms may be involved in the effects. The dye ICG is an amphipathic molecule and has both hydrophilic (two anions and one ammonium cation) and hydrophobic (mainly aromatic series) properties, suggesting that ICG is a surface active compound and may have unknown chemical and toxic properties that affect the retina.
In the present study, we demonstrated unique chemical properties of ICG-acting as a precipitating factor in the presence of salts, but as a surface active compound in the absence of salts. Our data support the proposition that the clinically used dosage of ICG in buffered salt conditions directly applied into the vitreous cavity and subretinal space through a macular hole may be sufficient to induce retinal disorder.
MATERIALS AND METHODS

Solubilization of the Denatured-BSA
BSA (Sigma-Aldrich, Tokyo, Japan) was dissolved in H 2 O at a concentration of 5 mg/mL. BSA solution (100 L) was put into 14 new microtubes and heated at 95°C for 30 minutes. After centrifugation at 10,000g for 30 minutes, precipitates were collected. Less than 0.1 g/mL BSA was detected in the supernatant. An aqueous solution of 30 L sodium dodecyl sulfate (SDS) or ICG in various concentrations was added to the precipitates. Vortex mixing was undertaken for 20 seconds every 10 minutes for 1 hour. Next, samples were left at room temperature overnight. After further centrifugation of the samples, 10 L supernatant was used for SDS polyacrylamide gel electrophoresis (10%). The gel was stained with Bio-Safe (Bio-Rad, Tokyo, Japan) and scanned after drying.
Precipitation of Dissolved Native BSA by SDS or ICG in Dulbecco's PBS
BSA solution (100 L 1 mg/mL in PBS) was prepared in each of 16 microtubes. ICG and SDS were obtained from Daiichi Pharmaceutical (Tokyo, Japan) and Nacalai Tesque (Kyoto, Japan), respectively. SDS or ICG was dissolved at a concentration of 12.5 mg/mL in H 2 O. With 2.5ϫ dilutions, the highly concentrated solution was adjusted to appropriate concentrations (12.5, 5.0, 2.0, 0.8, 0.3, 0.15, and 0.05 mg/mL). PBS (20 L 10ϫ), 40 L H 2 O, and 40 L SDS or ICG, adjusted to various concentrations, were added to the tubes. The final concentrations of SDS or ICG were 2.5, 1.0, 0.4, 0.16, 0.06, 0.03, and 0.01 mg/mL. Samples were then incubated at room temperature overnight, after which the solutions were centrifuged at 10,000g for 30 minutes and 10 L sample supernatants were used for SDS polyacrylamide gel electrophoresis (10%).
Precipitation of Dissolved Native BSA by ICG in H 2 O or PBS
BSA (1 mg/mL) was prepared with H 2 O or PBS solutions. One hundred microliters of each solution was added to new microtubes. ICG was dissolved to a concentration of 5 mg/mL in H 2 O. The highly concentrated solution was adjusted to appropriate concentrations (5.0, 2.0, 0.8, 0.32, 0.13, and 0.05 mg/mL) at a 2.5ϫ dilution. PBS (20 L, 10ϫ), and 80 L ICG at various concentrations was added to the tubes for the PBS experimental series. In the H 2 O system, H 2 O was used instead of 10ϫ PBS. The final concentrations of ICG were 2.0, 0.8, 0.32, 0.13, 0.05, and 0.02 mg/mL. Samples were incubated at room temperature overnight, after which the solutions were centrifuged at 10,000g for 30 minutes, and 10 L of the sample supernatants was used for 10% SDS polyacrylamide gel electrophoresis.
Measurement of Surface Tension
Distilled water was filtered and deionized before use in the following experiments. Specific resistance of water was always kept at 18.3 M⍀/cm. ICG dissolved in H 2 O, with or without PBS was diluted to appropriate concentrations. The surface tension and CMC were measured and determined with a single-fiber tensiometer (model K14; Kruss, Hamburg, Germany). 35, 36 A series of measurements was performed, mainly with a range of ICG concentrations of 0.01 to 1.0 (wt). Surface tension was measured after the plate had stood at room temperature for 2 hours. As a reference, we performed similar measurements using appropriate concentrations of SDS solutions, with or without PBS. 
Precipitation of
Human RPE Culture
Human ARPE19 cells were obtained from the American Type Culture Collection (Manassas, VA) and grown in 1:1 (vol/vol) mixture of Dulbecco's modified Eagle's and Ham's F12 medium (DF; InvitrogenGibco, Rockville, MD) containing 3 mM L-glutamine, 10% fetal bovine serum (Invitrogen-Gibco, Grand Island, NY), and antibiotics (100 U/mL penicillin G and 100 mg/mL streptomycin sulfate; Invitrogen-Gibco).
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In three passages, RPE cells grew to 70% confluence at 37°C with 5% CO 2 balanced with air for ICG treatments.
Cell Viability Evaluation
Cell viability was assessed by MTS colorimetric assay (3-
. This quantitative assay detects only living cells. 38 In our experiments, 3 ϫ 10 3 cells in 100 L culture medium at appropriate ICG concentrations (0, 0.01, 0.03, 0.06, 0.16, 0.4, 1.0, and 2.5 mg/mL) were seeded into each well of a 96-well plate. After 12 hours of culture, the culture medium was removed, and the cells were rinsed with PBS. For brief (0 -60 minutes) exposure to ICG, cells were incubated in culture medium without fetal bovine serum and then were washed twice and seeded onto a 96-well plate for another 12 hours of culture in regular culture medium without ICG. The MTS assay was performed by adding 100 L culture medium and 20 L MTS to each well. After 3 hours of incubation at 37°C, the absorbance at 490 nm was recorded. Five wells were evaluated for each ICG concentration.
Quantitative Analysis
After appropriate BSA amounts (1.0, 2.0, 3.0, 4.0, 5.0, and 10.0 g) were applied to 10% SDS-polyacrylamide gel electrophoresis, gels were stained with Bio-Safe (Bio-Rad, Tokyo, Japan) for the same period as the gels used for the experimental samples. An image-analysis program (NIH image; available by ftp at zippy.nimh.nih.gov/ or at http://rsb. info.nih.gov/nih-image; developed by Wayne Rasband, National Institutes of Health, Bethesda, MD) was used to measure each band after drying. We evaluated each targeted BSA band according to these standardized densities. 
Statistical Analysis
All results in experiments repeated at least four times are given as the mean Ϯ SE.
RESULTS
Surface-Active Effects of ICG in H 2 O
Surface-active effects of ICG were evaluated in salt-free conditions by comparing with SDS as a control. Solubilities of denatured-BSA at each concentration of SDS or ICG in H 2 O after standing overnight are shown in Figure 1 after standing overnight. Each band, stained with Coomassie brilliant blue after SDS polyacrylamide gel electrophoresis, represented the amount of dissolved denatured-BSA in H 2 O (Fig. 1A) . Quantitative analysis was performed for the density of each band measured by NIH image software, according to the standardized denatured-BSA bands (Fig. 1B) . ICG at 0.32 mg/mL in H 2 O showed the maximum surfactant effect, whereas SDS showed a simple increasing one that depended on concentration. Dissolved denatured-BSA for the SDS lane reached a plateau of more than 0.8 mg/mL.
Precipitating Effects of ICG in PBS
Precipitating effects of ICG in saline conditions were confirmed by measuring the reduced solubility of dissolved BSA in PBS after the solution was allowed to stand overnight (Fig. 2) . Initially, 5 g BSA was dissolved in each lane before the application of SDS or ICG. Each band stained with Coomassie brilliant blue after SDS polyacrylamide gel electrophoresis showed the remaining amount of dissolved BSA with each concentration of SDS or ICG ( Fig. 2A) . Quantitative analysis was performed from the density of each band measured by NIH Image software according to the standardized dissolved-BSA bands (Fig. 2B) . ICG of more than 0.16 mg/mL in PBS showed striking precipitating effects, depending on concentration, while SDS showed no precipitating effects. The reduced solubility of dissolved BSA due to the precipitating effects of ICG after the solution was allowed to stand overnight is shown in Figure 3 . Each band stained with Coomassie brilliant blue after SDS polyacrylamide gel electrophoresis represented the remaining amount of dissolved BSA in H 2 O or PBS with each concentration of ICG (Fig. 3A) . Initially, 5 g BSA was dissolved in each lane before the application of ICG, and then further quantitative analysis was performed from the density of each band measured by the NIH Image software according to the standardized denatured BSA bands (Fig. 3B) . ICG of more than 0.13 mg/mL in PBS showed remarkable precipitating effects depending on concentration, whereas ICG in H 2 O showed no precipitating effects. 
IOVS,
Chemical Toxicity by ICG 2533 decreased depending on their concentrations and showed an obvious CMC (Fig. 4) . These results clearly indicate that ICG is a surface-active compound with medium activity. Microscopic examinations showed that these solutions were always transparent without any precipitation. Surface tension of SDS or ICG dissolved in PBS was also measured. Surface tension of SDS in PBS decreased depending on concentration and showed CMC; however, that of ICG showed ambiguous values without indicating any clear CMC. Microscopic examinations showed that SDS solutions were always transparent without any precipitation, but insoluble ICG precipitations were identified in all ICG solutions. All CMC values determined are summarized in Table 1 .
Effect of Various Balanced Salt Solutions in Almost Physiologic Concentrations on Precipitation of ICG
Precipitating effects of ICG in various concentrations of balanced saline solutions were examined by measuring precipitated BSA after standing overnight. Dulbecco's PBS, BSS (Alcon), Hanks' BSS (Ca 2ϩ and Mg 2ϩ free, including NaHCO 3 ), and DMEM were the balanced salt solutions. Each lane stained with Coomassie brilliant blue after SDS polyacrylamide gel electrophoresis showed BSA precipitated with 2.5 mg/mL of ICG (Fig. 5A) . Quantitative analysis was also performed from the density of each band measured by NIH image software, according to the standardized dissolved BSA bands. Similar acute ascending precipitations of BSA were seen at 70% and above with all balanced salt solutions, whereas moderate increased precipitation at 50% had already been observed in DMEM (Fig. 5B) .
Effect of Serum Proteins Coprecipitated by ICG on the Viability of RPE Cells In Vitro
Each lane stained with Coomassie brilliant blue after SDS polyacrylamide gel electrophoresis showed coprecipitated molecules derived from 10 L fetal calf serum in DMEM under various ICG concentrations after standing overnight (Fig. 6A) . Some bands increased linearly, depending on ICG concentration (arrowheads), but some bands that were coprecipitated at low concentrations showed no changes at higher concentrations (arrows). Quantitative analysis was performed from the density of each band measured by NIH Image software, according to the standardized dissolved BSA bands. Total coprecipitated molecules increased, depending on ICG concentration, especially if it was more than 0.4 mg/mL. Next, we evaluated the viability of RPE cells with each ICG concentration. Viability greatly decreased, depending on ICG concentration, especially if it was more than 0.4 mg/mL, and correlated closely with precipitation data (Fig. 6B) . Thus, depending on the ICG concentration, the coprecipitation of desirable molecules of fetal calf serum in DMEM may result in the reduced viability of RPE.
Cytotoxicity of ICG for a Brief Exposure Evaluated by Viability of RPE In Vitro
Viabilities of RPE cells after contact with ICG at several concentrations for several brief periods are shown in Figure 7 . Viabilities were reduced, depending on the increase in ICG concentration, at all exposure times except 0 minutes. Cells were incubated in serum-free culture medium for brief exposure to ICG, to evaluate the cytotoxicity of ICG without serum interference. Viabilities with 0 mg/mL ICG decreased, depending on the increase in exposure time, suggesting detrimental effects caused by serum-free conditions, and these were regarded as a control for each exposure time. The culture medium was immediately removed by centrifugation after contact with ICG medium for 0 minutes of incubation.
DISCUSSION
The present study showed that the concentrations of ICG used clinically are hazardous for retina and RPE in association with salts. Damage increased, depending on the ICG concentrations applied, 26 -31,39,40 whereas removal of sodium from an ICG solution reduced toxicity. 33 Generally, ICG is dissolved in sterile water and then diluted with balanced saline solution before use in surgery. The final concentrations of ICG reported to have been used are various, such as 0. 25 4, 5, 7, 11, 20, 24, 32, 42 Our recent data suggest that an ICG concentration of more than 0.4 mg/mL and a balanced saline concentration of 70% or more create precipitable conditions; implying that most of the reported cases involved risky conditions. When ICG solution was injected into the vitreous cavity, it became diluted to a considerable degree. If the 0.1 mL of 5.0 mg/mL ICG was diluted to 2.0 mL of hypothesized posterior vitreous hemisphere during the operation, the ratio of dilution would be 1:20, resulting in a final concentration of 0.25 mg/ mL, which still showed precipitating effects, as demonstrated in the present study. Safety levels suggested by recent data are an ICG concentration of less than 0.05 mg/mL and a balanced saline concentration of less than 50%. Furthermore, viability of RPE was reduced and the death of RPE cells increased, depending on the exposure time to ICG. 28 In the present study, cytotoxicity by ICG with physiological salts in serum-free conditions was shown for short exposure periods except immediately after removal of ICG. In this study, we used serum-free conditions, because ICG in the balanced saline solution used for staining in ILM peeling contained no serum, reflecting reality more accurately. Exposure of RPE cells to ICG for more than 5 minutes at concentrations of more than 0.4 mg/mL reduced cell viability, implying that a quick elimination of ICG from the vitreous cavity including the macular hole is clinically advisable. As persistent ICG fluorescence has been found localized in the central macula up to 8 to 9 months after ICGassisted ILM peeling for macular hole surgery, 44, 49 this severe condition is a lasting one and may be intolerable to the retina.
Less damage was observed after epiretinal ICG injection, but subretinal ICG injection resulted in more severe damage to the outer nuclear layer, the inner and outer photoreceptor segments, and RPE in rabbit eyes. 32 Subretinal ICG injection induced apparent morphologic damage of retina, especially to the outer retinal layer in a dose-dependent manner, and apoptosis was confirmed in the photoreceptor layers. 31 ICG injected into the subretinal space in rabbits caused destructive degeneration of photoreceptors and RPE cells. 30 No histologic damage was detected in retina that had no macular hole, even at higher doses of ICG followed by illumination. 50 ICG-assisted peeling of the epiretinal membrane in eyes without a macular hole led to an expedited resolution of macular pucker and an improvement in visual acuity without clinical evidence of ICG toxicity. 47 Morris et al. 51 commented that ICG's effects on functional outcomes of macular pucker surgery were satisfactory. Retina with a single retinal hole exposed to ICG concentrations used in human vitreoretinal surgery had greater RPE atrophy and outer retinal degeneration than eyes the underwent the same surgery but without ICG. 40 These laboratory data support the observation that ICG causes cytotoxicity in cultured human RPE. 25, 28, 29, 33, 34, 39 ICG injection into the subretinal space through a macular hole during this type of operation may be the primary trigger that is followed by retinal disorder. This clearly indicates that a surgical technique that can avoid the damaging effects of ICG is a necessity. However, as adverse effects have also been reported after ICG-assisted ILM peeling in patients with macular pucker or epiretinal membrane, 42, 48 further investigations are necessary to elucidate this inconsistency.
CMC is the most important characteristic in evaluating a surfactant. We determined CMC as 0.42 wt % for ICG and 0.18 wt % for SDS, respectively, in H 2 O. ICG decreased the surface tension depending on its concentration and reached 37 dyn/cm at its CMC, demonstrating that ICG had surface-active effects in H 2 O. The CMC in SDS shown herein is in agreement with that already reported, 35 indicating the reliability of the method used in our study. The CMC of 0.42 wt % and surface tension of 37 dyn/cm corresponded to a medium surface activity, although it was less than that of SDS. In contrast, surface tensions of ICG with PBS tended to vary with every concen- Table 1 . tration and showed no obvious CMC. With the addition of PBS into ICG dissolved in H 2 O, ICG became insoluble and precipitation was found at all concentrations examined. Once precipitation formed in PBS, surface tension data for ICG became meaningless. A surfactant effect of ICG was observed only in H 2 O, a special situation for actual clinical use. Therefore, this effect must be minor or nonexistent in practice, whereas the precipitating effects result in major toxicity, as the dissolving solution usually contains salts. We hypothesize that the surfactant and precipitating effects may be closely related to each other by unknown mechanisms, and these reactions may be in equilibrium, although the major reaction is toward precipitation in salt solution.
The surface-active effect of ICG in H 2 O was supported by surface tension and by the dissolving denatured BSA. Although an increase in dissolved denatured BSA depending on the ICG concentration is understandable, the cause of the decrease in concentrations of more than 0.32 mg/mL is not clear. ICG in H 2 O may form a complex with the denatured BSA to be dissolved but may precipitate over the threshold of ICG concentration by an unknown mechanism. Molecules, including BSA, that are dissolved may form a complex with ICG with salts and reach some limits for coprecipitation of more than 0.16 mg/mL of ICG concentration. As shown in Figure 8 , PBS, BSS (Alcon), and Hanks', with and without NaHCO 3 showed a significant increase in ICG precipitation at concentrations of Ն0.4 mg/mL, though the degree of increase varied slightly, depending on the solution. Measurement of the osmolarity of the solutions was performed with an osmometer (OM-6030; Daiichi Kagaku, Kyoto, Japan). All solutions were iso-osmotic, and there was no significant difference. This suggests, on the one hand, that some chemical properties of ICG vary at the borderline concentration in the presence or absence of salts. On the other hand, coprecipitating effects of ICG differ depending on the particular molecule, as the amount of precipitation increased with the increase in ICG concentration with some molecules but not with others (Fig. 6A) . Further investigations are necessary to understand this behavior.
The chemical toxicity of ICG causes initial damage to RPE cells and retinal cells. As the concentration of ICG and the exposure time in the globe become lower and briefer, respectively, the chemical toxicity may pose less risk. Actually, no or fewer negative anatomic or functional effects were described in some recent reports, despite the persisting presence of ICG after surgery. We hypothesize that one of the ultimate conditions that may finally provoke death of the damaged cells is additional physical damage such as phototoxicity derived from certain wavelengths, osmotic effects, and air. 34, 39, 40, 50, 52, 53 Clinical disorders such as loss of visual acuity or visual field defect may vary, depending on the type of damaged cells and the degree of damage. As physical factors are largely influenced by procedures performed by each surgeon, outcomes of macular hole surgery may be variable, as practically reported. However, to prevent these supplementary fatal conditions for RPE and retinal cells, lower concentrations of ICG combined with flushing with balanced saline solution after ILM peeling, no application of ICG in an air-filled eye, and a briefer exposure time to ICG and light are desirable. Components of Dulbecco's PBS and balanced saline solution are similar except for the NaHCO 3 and glucose contents. In the case of balanced saline solution, it is important that it include NaHCO 3 , but this is not the case with PBS. The maintenance of a stable CO 2 concentration is critical to keep the pH accurate, and this need is fulfilled by NaHCO 3 . We used PBS instead of balanced saline for the experiments referred to in Figure 4 because we found it hard to keep a stable CO 2 environment for evaluating the surface tension by using the single-fiber tensiometer (Kruss). A small pH error may induce an inappropriate surface tension in each sample solution by using this method. Samples of Hanks' BSS, with and without NaHCO 3 , showed slight differences in pH, as shown by the color of the solutions at 0 mg/mL in Figure 8 , and they also showed different precipitation profiles. However, PBS and Hanks' BSS solution without NaHCO 3 , showed quite similar ICG precipitation profiles. Furthermore, it was practically impossible to make BSA samples with different concentrations of ICG in 100% balanced saline solution for the experiments referred to in Figures 2 and 3 by using commercially available balanced saline solution (due to unavailability of concentrated balanced saline solutions). Thus, we used PBS instead of balanced saline for the experiments referred to in Figures 2, 3 , and 4. Although there were slight differences in ICG precipitation results, depending on the use of PBS or balanced saline (Fig. 8) , no differences were detected for precipitation with BSA (Fig. 5) .
DMEM and Hanks' BSS with Ca 2ϩ and Mg 2ϩ ions were also used to evaluate the precipitating effects, as two values of ions may influence precipitation. However, we failed to detect any differences between the presence and absence of these ions, suggesting that these ions are not critical for precipitation (data not shown).
ICG contains iodine to enhance its solubility and it must be dissolved in pure H 2 O. Infracyanine green does not contain iodine and precipitates in H 2 O, and 5% glucose is often used as a solvent to avoid a hypo-osmotic preparation. Infracyanine green dissolved in glucose has been used in macular hole surgery, and resulted in a high incidence of anatomic closure, with good visual outcomes, 54, 55 whereas the use of infracyanine green followed by illumination induced adverse effects similar to those induced by ICG, but to a varying degree. 56, 57 The chemical toxicity of infracyanine green is unclear, but in comparison with ICG, its toxicity may be similar or worse, because infracyanine green contains no iodine, which may result in less solubility in replacing physiological intraocular aqueous humor after surgery.
Almost all the data in this study indicate the general chemical properties of this reagent. We believe that all medical doctors, not just ophthalmologists, who use this widely accepted reagent should be aware of its inconvenient properties FIGURE 6. Precipitation of indispensable molecules of fetal calf serum in DMEM resulted in decreased viability of RPE depending on ICG concentration. (A) Each lane stained with Coomassie brilliant blue after SDS polyacrylamide gel electrophoresis represents precipitated molecules derived from fetal calf serum in DMEM in various concentrations of ICG after standing overnight. Quantitative analysis was performed from the density of each band measured by NIH Image, according to standardized dissolved BSA bands. Some bands increased linearly, depending on ICG concentration (arrowheads), but others that precipitated in low concentrations showed no increase at higher concentrations (arrows). Total precipitated molecules increased depending on ICG concentration, especially if it was more than 0.4 mg/mL. For each concentration, n ϭ 4. All data are represented as the mean Ϯ SE. (B) Viability of RPE sharply decreased depending on ICG concentration. Viability decreases especially if more than 0.4 mg/mL. For each concentration, n ϭ 5. All data are represented as the mean Ϯ SE.
FIGURE 7.
Viability of RPE cells after exposure to several concentrations of ICG for several brief periods. Viability decreased, depending on increasing ICG concentrations for all exposure periods except 0 minutes. Cells were incubated in medium in serum-free conditions for brief contact with ICG, to evaluate the cytotoxicity of ICG without interference of serum. The culture medium was immediately removed by centrifugation after contact with ICG for 0 minutes of incubation. All data shown are the mean at each concentration (n ϭ 5).
IOVS,
Chemical Toxicity by ICG 2537 and seek to avoid the side effects of ICG-especially as large dosages of this reagent are generally infused into the systemic circulation to evaluate cardiac and hepatic circulation. ICG damaged RPE cells and may also disable vascular endothelial cells. Induction of coprecipitation of serum proteins was shown in the present study. Although very rare, it has been reported that several patients every year have significant side effects from the use of ICG. The coprecipitating phenomenon of human serum, as shown in this study, may be involved in these incidents, as human serum includes a wide variety of proteins and salts in physiological conditions. Precipitated ICG complexes formed in blood vessels may induce lethal embolization and are especially risky in capillaries, as the blood flow is very slow and the caliber quite thin, and more so in cases of dehydration, as electrolytes and proteins are concentrated.
In the present study, we showed that the chemical properties of ICG in the presence and absence of balanced salts can show toxicity in both cases. First, BSA was used to show clearly the surface-active and precipitating effects of ICG. Then we indicated that ICG has a coprecipitating effect on a wide variety of serum molecules, an effect that makes it difficult for cells to survive. Practitioners need to understand this chemical behavior when applying ICG, and immediate steps should be taken to prevent further retinal disorder. , and Hanks' with and without NaHCO 3 after overnight incubation at room temperature. Precipitation significantly increased in all solutions at an ICG concentration of Ն0.4 mg/ mL, though the degree of precipitation varied slightly, depending on each solution. Hanks' solutions include phenolsulfonphthalein to indicate pH. Slight differences in pH between Hanks' solutions are shown by a change in color of the solution at 0 mg/mL and are caused by NaHCO 3 . The precipitation profiles were all different. Arrows: The minimum concentration at which ICG precipitation was detected. 
